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We have found a novel method for increasing the giant magnetoresistance~GMR! of Co/Cu spin
valves with the use of oxygen. Surprisingly, spin valves with the largest GMR are not produced in
the best vacuum. Introducing 531029 Torr (731027 Pa! into our ultrahigh vacuum deposition
chamber during spin-valve growth increases the GMR, decreases the ferromagnetic coupling
between magnetic layers, and decreases the sheet resistance of the spin valves. It appears that the
oxygen may act as a surfactant during film growth to suppress defects and to create a surface which
scatters electrons more specularly. Using this technique, bottom spin valves and symmetric spin
valves with GMR values of 19.0% and 24.8%, respectively, have been produced. These are the
largest values ever reported for such structures. ©1997 American Institute of Physics.
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I. INTRODUCTION

A key goal of research in the field of giant magneto
sistance~GMR! is to retain large GMR values while limiting
the magnetic saturation field or the switching field to lev
compatible with practical applications.1 In general, his limi-
tation means a switching field below;5 mT, i.e., 50 Oe.

The largest GMR value ever recorded at room tempe
ture is 110%~for a CoCu superlattice!.2 Unfortunately, the
saturation field in this case was rather large~;3 T, i.e., 30
kOe!. Nevertheless, the achievement of such large GMR
ues in superlattices offers the hope that significantly
proved GMR values may be achievable in simple~one or
two Cu layers! spin valves, which have the advantage th
they generally exhibit far lower saturation fields.

In our pursuit of larger GMR values we found recentl3

that improving the base pressure of our magnetron-sputte
deposition system produced larger GMR values. It appea
that the most likely cause was a reduction in the partial p
sure of water vapor,p(H2O). The largest GMR values~over
23% in symmetry spin valves! were obtained at the lowes
achievablep(H2O), ;1029 Torr ~;1027 Pa!. However,
soon after publishing these results3 two very important facts
came to light. First, a further reduction inp(H2O) to ;10210

Torr produced sharply lower GMR values~;17% for sym-
metric spin valves!. Second, it became apparent thatp(H2O)
was not the direct cause of the differing GMR values. T
p(H2O) was only an indirect indicator to the true caus
which appears to be contamination of the growing film
carbon and oxygen atoms, as seen by x-ray photoelec
spectroscopy~XPS! measurements of the surface after dep
sition. These atoms are presumed to be knocked off

chamber walls by the magnetron plasma. Apparently whe
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p(H2O) is high, there is more contamination on the cham
walls.

Ironically, if this contamination is at just the right leve
and of the right type, it significantly increases the GMR.
appears that oxygen is primarily responsible for the GM
increase by acting as a surfactant during film growth,
though all the details are not yet clear. The main purpose
the present article is to explain this complicated and surp
ing effect and to show how it may be utilized by the deli
erate introduction of O2 during spin valve growth.

II. EXPERIMENT

The NiO substrates used in this work were polycryst
line films ;50 nm thick, deposited on 3 in. Si wafers b
reactive magnetron sputtering at the University of Californ
at San Diego and University of Minnesota. At the Nation
Institute of Standards and Technology, the wafers w
cleaved into;1 cm2 squares, cleaned ultrasonically in a d
tergent solution, rinsed in distilled water, blown dry, an
installed in the deposition chamber.

The metal films were deposited at room temperat
~RT! by dc magnetron sputtering in 2 mTorr~0.27 Pa! Ar at
a rate of;0.1 nm/s. For symmetric spin valves, the top N
layer was deposited by sputtering a Ni target with an 85
mixture of Ar/ O2.

The magnetoresistance~MR! measurements were mad
at RT using the four-point probe dc mode in a vacuum cha
ber connected to the deposition chamber.
n
Some additional experimental details may be found in

Refs. 3 and 4.
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III. RESULTS AND DISCUSSION

The improved vacuum of the present work was achie
partly by baking the deposition chamber longer and at hig
temperatures than before and partly by running the mag
tron sputtering guns longer prior to spin valve growth to c
the interior walls of the chamber more effectively with fre
metal films. A base pressure of 5310210 Torr (731028 Pa!,
of which 90% is H2, is achievable in this manner. In con
trast, the base pressure of an unbaked chamber is;1028

Torr ~;1026 Pa!, of which 90% is H2, after depositing a few
spin valve films. Unfortunately, pressure is a poor indica
of the level of cleanliness of the walls of the chamber. Ho
ever, it is very clear from the present work that the level a
type of contamination on the walls have a profound influen
on spin valve properties.

The presence of contamination on the surface of a s
valve is directly observablein situ by XPS in an adjacen
vacuum chamber. Normally, the only contaminants obser
are carbon and oxygen, although other species could
present at levels as high as a few percent of a monola
~ML ! and go undetected by XPS. The extent of carbon
oxygen contamination can be estimated on the basis of r
tive photoelectron cross-sections,5 measured O 1s intensities
from NiO, and the photoelectron attenuation lengths in Ni6

Under the cleanest possible conditions we find that, imme
ately after deposition, bottom spin valves exhibit an oxyg
intensity equivalent to;0.1 ML ~ML is defined here as 1.6
31015 atoms/cm2! and carbon is not detectable. Howeve
we found that such clean conditions consistently yielded s
valves with lower GMR values than less clean conditio
~such as an unbaked chamber! for which we observe;0.5
ML oxygen and;0.1 ML carbon by XPS for bottom spin
valves. The oxygen seems to be present mostly as adso
atoms on the surface, but the observed carbon could be
at the surface and in the bulk. Symmetric spin valves sh
similar levels of contamination if growth is interrupted fo
examination by XPS. The typical structures of these type
spin valves are illustrated in Fig. 1.

A. The role of background gases

In response to the very surprising result that the clean

FIG. 1. An illustration of the standard spin valve structures that are the b
for the present investigations. The terms symmetric and bottom refer to
location of the NiO pinning layers.
conditions yielded reduced GMR, we attempted to clarify th
role of contaminants by achieving the cleanest possible co
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ditions and then deliberately introducing gases such as2,
CO, CH4, N2, H2O, and O2 into the chamber during spin
valve growth.

A preview of our interpretation of the results may b
helpful to the reader at this point. Dissociation of gas ph
molecules by the sputtering plasma is not an import
source of sample contamination under typical deposit
conditions. However, energetic electrons, ions, and ato
from the plasma knock contaminants off the walls of t
chamber and some of these adsorb on the growing sam
surface. This contamination can be beneficial in some ca
and it appears that a particular coverage of oxygen on
surface during growth leads to improved properties for
spin valves.

1. Methane and nitrogen

Since CH4 and N2 do not react directly with Co or Cu
surfaces but must first be dissociated by the magne
plasma, their introduction during growth provided an exc
lent test of how efficiently the plasma dissociates molecu
For either gas, the partial pressure had to be increase
;131025 Torr (;1023 Pa! to produce a measurable de
crease in GMR. This decrease correlated with the appear
of carbon~for the case of CH4! and nitrogen~in the case of
N2! in XPS data of the spin valve surface. Since electro
induced dissociation cross-sections do not vary gre
among the common gases,7 these results suggest that th
magnetron plasma is not particularly efficient in dissociat
the gases found in deposition chambers. Thus, we may d
the conclusion that under vacuum conditions commo
found in magnetron-sputtering deposition~e.g., base pres
sures,1027 Torr or ,1025 Pa! contamination of the grow-
ing samples by the dissociation of background gases by
magnetron plasma is not important.

2. Water vapor

Deeper insight into what is occurring is provided by t
case of H2O. Like CH4 and N2, H2O does not react very
readily directly with Co or Cu surfaces.8 The available evi-
dence suggests that at room temperature in a vacuum ch
ber H2O does not adsorb at all on Co or Cu surfaces cons
ing of the low-index crystal planes although a slig
tendency to dissociate into adsorbed OH and H species
occur on high-index planes~atomically rough!.8 However, in
spite of this low reactivity, the introduction of only 1027

Torr (1025 Pa! H2O during growth produces a factor-of-tw
reduction in GMR.3 Since neither dissociation by the plasm
nor direct reaction with the surface are the mechanism, w
appears to happen is that the H2O adsorbs on and saturate
the walls of the chamber (H2O is well known for dissociating
into OH and H on the iron oxide walls of vacuum systems8!,
and the energetic impact of atoms, ions, and electrons~pro-
duced by the magnetron plasma! on the chamber walls lib-
erates dissociated fragments of H2O, and some of these ad
sorb on the growing spin valve.

This conclusion that the walls are primarily responsib

is
he
e
n-
for the contamination should not be surprising since the
chamber walls have the potential to hold far more H2O than
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is present in the gas phase. Note that 1 ML correspond
;1015 molecules/cm2, whereas 1027 Torr corresponds to
only 33109 molecules/cm3, so that a typical vacuum cham
ber at 1027 Torr (1025 Pa! might contain;1015 molecules
in the gas phase and;1020 molecules adsorbed on the wall
Therefore, energetic atoms, ions, and electrons emitted
the magnetron plasma should be far more likely to impac
HO molecule on the walls than an H2O molecule in the gas
phase.

This effect of enhanced concentration of molecules
the chamber walls does not occur for CH4 and N2 because
they are chemically much more inert and have little, if an
tendency to adsorb on the chamber walls.

3. Hydrogen

Molecular hydrogen readily adsorbs on Co but not on
~at 300 K!. If the H2 partial pressure is less than;1025 Torr
(;1023 Pa!, adsorbed hydrogen atoms on Co~and the grow-
ing Co surface must be saturated with hydrogen atoms wh
ever the H2 partial pressure is.;1027 Torr or ;1025 Pa!
have no significant effect on spin valve growth. Based
earlier studies,9 it seems very likely that the adsorbed hydr
gen atoms are not extensively incorporated in the grow
film ~except possibly at grain boundaries!, but instead, and
because they are highly mobile, they float out to the surfa

A different effect is found for partial pressures of H2

around 1025 Torr (1023 Pa!. At such pressures, the effect o
H2 is very similar to that of oxygen~and indeed XPS con
firms an increased coverage of oxygen on the spin va
surface!. The most plausible interpretation is that the hyd
gen atoms and ions produced in the plasma must be rea
at the walls of the chamber to liberate oxygen atoms
oxygen-containing molecular fragments which then ads
on the growing spin valve and behave in a manner much
the adsorbed oxygen resulting from the presence of O2.

4. Carbon monoxide

Carbon monoxide also readily adsorbs on Co~but not on
Cu! at 300 K. It is not clear how much dissociation of C
occurs on Co, but some may occur. In any case, no reduc
in GMR was observed for partial pressures of CO, delib
ately introduced during spin valve growth, below 1026 Torr
~1024 Pa!. Only at 1025 Torr ~ 1023 Pa! did a substantial
reduction in GMR occur. Perhaps the Co does not dissoc
on the surface, and merely floats out on an otherwise un
turbed growing film. In any case, it appears that the ba
ground pressure of CO in typical deposition chambers
much too small to impair the properties of GMR spin valve

5. Carbon

While not usually thought of as a background gas
vacuum chambers, carbon is very important because hy
carbons adsorbed on the walls of the chamber have a
dency to be knocked off by the energetic electrons, ato
and ions emitted by the magnetron discharge. Hydrocar

fragments are very reactive and very likely dissociate on th
surface of a growing spin valve. We attempted to mimic thi

6144 J. Appl. Phys., Vol. 82, No. 12, 15 December 1997
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effect by the deliberate introduction of atomic carbon duri
spin valve growth by co-deposition using a carbon targe
one of the magnetron guns.

We found that carbon reduces the GMR of spin valv
severely. Even a few atomic percent carbon~based on sput-
tering rates! incorporated in a spin valve reduces the GM
by more than half. This effect appears to correlate with
fact that carbon bonds very strongly to the growing surfa
and has little tendency to float out to the surface of the gro
ing film. This tendency of carbon to incorporate in growin
films has been noted earlier.9

The incorporation of carbon also tends to reduce the
ercivity of the unpinned Co film and increase the resistiv
of the spin valve. This coercivity reduction suggests that c
bon reduces the grain size in the film. The coercivity is lo
ered by the presence of a few atomic percent of carb
typically from 5 mT ~1510 Oe! to 3 mT. A reduction in
grain size will often reduce coercivity,10 and carbon would
be expected to reduce grain size because it is well known
reducing the diffusion rate of the metal atoms on me
surfaces.11

Furthermore, the resistivity of the spin valve increas
by ;40% upon incorporation of even 1 at.% carbon~e.g.,
from 25 to 35mV cm for a symmetric spin valve!, and this
increase is too large to be accounted for by impurity scat
ing by carbon. Impurities typically only contribut
;131026 V cm/at. %12 too small to explain our data. Thi
result also suggests that carbon contamination leads
smaller grain size since diffuse scattering at the grain bou
aries is more likely to be responsible for most of the incre
in resistivity.

6. Oxygen

The discovery of the importance of oxygen in spin val
growth was made during our earlier work on the use of Pb
a surfactant to reduce the ferromagnetic coupling (H f) be-
tween Co layers across the Cu spacer layer in spin valve13

This magnetic coupling is generally believed1 to have two
sources, one a magnetostatic effect due to nonflat interfa
often called orange-peak coupling and the other an electr
coupling mediated by exchange which oscillates from fer
magnetic and antiferromagnetic as a function of Cu spa
layer thickness. As a consequence of the oscillatory effectH f

can have negative values~antiferromagnetic!.
We found by XPS that under conditions which yielde

surfaces contaminated by 0.5 ML or more of oxygen atom
the use of Pb did not reduce the coupling, and indeed un
these conditionsH f was already low as if Pb had been use
These results suggested that oxygen was acting as a su
tant during growth to improve the structure of the spin valv
and led to the investigations reported here.

Our initial approach was to use oxygen in much t
same manner as Pb. Spin valve growth was interrupted a
the deposition of the Cu film and the surface exposed
;1024 Torr•s ~1022 Ps•s!O2 to achieve an oxygen atom
coverage of;0.6 ML, after which growth of the sample wa
completed. The oxygen produced dramatic effects, as ma

e
s
seen by comparing Figs. 2~b! and 2~c! for bottom spin
valves. The reduction in coupling at a Cu thickness of 2 nm

Egelhoff, Jr. et al.
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was very similar to our results for the use of 1 ML P
However, the effect is not as simple as a mere reductio
H f . As Figs. 2~b! and 2~c! demonstrate, the use of oxyge
appears to shift the plot ofH f vs Cu thickness by;0.4 nm.
The steep drop apparent in Figs. 2~b! and 2~c! as a function
of Cu thickness appears to be due to the oscillatory excha
coupling effect, which is well known for producing such
drop at approximately this Cu thickness, particularly f
Cu/Co superlattices.1 None of the samples in this series a
tually exhibited antiferromagnetic coupling. It may well b
that the orange-peal coupling makes a ferromagnetic co
bution which is too strong for the oscillatory effect to ove
come. Evidence for this interpretation, to be discussed
low, is found in the data of Fig. 2~a! for samples grown in
531029 Torr (731027 Pa! O2 for which the negative val-
ues of the coupling, an indication of the oscillatory effe
are observed. It appears likely that growth in oxygen tend
suppress the orange-peal effect.

The most likely consequence of the use of covering
Cu film with 0.6 ML of oxygen, as in Fig. 2~b!, is the sup-
pression of interdiffusion at the Cu/Co interface when Co
deposited on the oxygen-covered Cu surface. This effec
well known in single crystal studies of epitaxial growth
systems similar to these.9,14

The cause of the shift of 0.4 nm corresponds to;2 ML,
is not clear, but it is plausible that the phase of the osci
tions will change in the presence of interdiffusion. Howev
a concurrent change in the maximum strength of coup
would also have been expected but is not apparent in
data. Thus, the origin of the shift remains unresolved.

If the use of oxygen in this manner is indeed suppress
interdiffusion, it might be expected that the films would e
hibit a lower resistivity since randomly intermixed alloy
generally have quite high resistivities. Figure 3 indicates j
this effect. The sheet resistance of our spin valves is syst
atically lower when oxygen is used.

It may seem surprising that the deliberate adsorption
an impurity such as oxygen on the very sensitive interior
a spin valve could decrease the resistivity. It might have b
thought that the resistivity would increase since impurit

FIG. 2. The value of the coupling field (H f) for bottom spin valves depos
ited ~a! in 531029 Torr O2, ~b! with the top of the Cu film exposed to O2,
and ~c! without the use of O2. ~Note: 1 mT510 Oe!.
tend to scatter conduction electrons diffusely. However, th
crucial fact here is that oxygen is highly mobile and has

J. Appl. Phys., Vol. 82, No. 12, 15 December 1997
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strong tendency to float out to the surface during subseq
metal deposition.9

There is one important point to emphasize about ads
bates that float out to the surface during film deposition. T
extent to which they float out correlates approximately w
the strength of their bond to the surface.9 Adsorbates such a
carbon, which bond very strongly to the surface, have li
mobility and little tendency to float out to the surface duri
deposition, while those which bond relatively weakly, su
as hydrogen atoms, are highly mobile and float out to
surface very efficiently.9 Oxygen is an intermediate case.
the present work, it will float out to the extent that, if 0.6 M
of oxygen is present on a Co surface~polycrystalline!, ap-
proximately 2 nm of additional Co must be deposited
reduce the oxygen coverage to 0.3 ML. Since oxygen ato
are quite mobile on Co surfaces, it is likely that the oxyg
which does not float out is trapped in grain boundaries. T
lattice strain associated with oxygen as a substitutional
purity inside a grain makes it unlikely that oxygen atom
simply get buried as substitutional impurities to any lar
extent.

Additional evidence against oxygen atoms as subst
tional impurities comes from the reduction in resistivity o
served for spin valves deposited in the presence o
31029 Torr ~731027 Pa! O2. The sheet resistance is con
sistently 10% – 20% lower than for spin valves deposited
the cleanest possible conditions. Substitutional oxygen im
rities would almost certainly increase the resistivity. Sin
grain boundaries probably already have a strong tendenc
scatter electrons diffusely, the addition of oxygen atoms
grain boundaries may make little difference.

Perhaps the most important result of the present inve
gations has been the discovery that the best spin valves
produced by deposition in a continuous background
531029 Torr ~ 731027 Pa! O2. Figures 4 and 5 illustrate
the results for symmetric spin valves deposited, respectiv
in the cleanest possible conditions and in the cleanest
sible conditions with the addition of 531029 Torr O2. Un-
fortunately, it is difficult to quantify the cleanest possib
conditions since the base pressure appears to be only a

FIG. 3. The sheet resistance of bottom spin valves with and without ex
ing the Cu surface to oxygen as a function of Cu thickness.
e
a
direct measure of what gets knocked off the chamber walls
by the magnetron plasma. Perhaps the best measure is the

6145Egelhoff, Jr. et al.
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contamination observed by XPS on the spin valve surface
discussed above.

Under the cleanest conditions we can achieve, the G
values we obtain for symmetric spin valves and bottom s
valves are generally about 17% and 14%, respectively.
largest values we achievedbefore experimenting with the
deliberate introduction of O2 were 23.4% for symmetric spin
valves and 16% for bottom spin valves. However, in bo
cases, these record-setting values were achieved in an
baked deposition chamber~base pressure;1028 Torr or
;1026 Pa!, and it now appears that some of the oxyg
impurities knocked off the walls adsorbed on the growi
spin valves and improved their properties.

The introduction of 531029 Torr of O2 during growth
has allowed us to reach new record-setting values of
GMR for both symmetric and bottom spin valves. For sy
metric spin valves, we have achieved 24.8%~as illustrated in
Fig. 5! and for bottom spin valves we have achieved 18%

The effect of oxygen is very similar for spin valve
based on pure Ni80Fe20 rather than on pure Co. The large
GMR again results from an O2 pressure of 531029 Torr
(731027 Pa!. However, the GMR is always much small
when Ni80Fe20 replaced Co. In bottom spin valves, 6.5% w
the largest GMR we achieved using pure Ni80Fe20 for both
magnetic layers and 8.7% when one layer was pure Ni80Fe20

and the other pure Co.
The beneficial effect of O2 exists in a rather narrow win

dow around 531029 Torr. Figure 6 illustrates this point fo

FIG. 4. Magnetoresistance loops for a symmetric spin valve grown in
cleanest conditions achievable for~a! high fields and~b! low fields, recorded
after saturation in a negative field. A vertical line in~b! marks the center of
the loop, which is shifted from zero field due to the coupling (H f) between
Co films. In this sampleH f55.2 mT ~52 Oe! andHc56.4 mT ~64 Oe!.
bottom spin valves. When the O2 pressure is increased to
only 131028 Torr ~1.331026 Pa!, all GMR gain due to O2

6146 J. Appl. Phys., Vol. 82, No. 12, 15 December 1997

Downloaded 12 Jun 2002 to 129.6.97.28. Redistribution subject to AIP
as

R
n
e

un-

e
-

is lost. At O2 pressures higher than this, the fall-off in GM
is rapid ~e.g., 5% GMR at 531028 Torr O2!.

The arrows and triangles in Fig. 6 illustrate a very inte
esting and important point about bottom spin valves. T
results demonstrate the drop in GMR which occurs whe
ML Ta is deposited on the surface. We found in earlier wo
that an important requirement for achieving the highest p
sible GMR in spin valves is having surfaces that reflect c
duction electrons specularly.15 The deposition of 2 ML Ta
was found to be an ideal method for suppressing spec
scattering due to the extensive interdiffusion of Ta at

eFIG. 5. Magnetoresistance loops for a symmetric spin valve grown in
cleanest conditions achievable but with 531029 Torr (731027 Pa! O2

present for~a! high fields and~b! low fields, recorded after saturation in
negative field. A vertical line in~b! marks the center of the loop, which i
shifted from zero field due to the coupling (H f) between Co films. In this
sampleH f54.1 mT ~41 Oe! andHc56.2 mT ~62 Oe!.

FIG. 6. A plot of the GMR of bottom spin valves as a function of th
pressure of O2 in which they are grown~solid circles!. The arrows indicate
the drop in GMR which occurs when 2 ML Ta is deposited to suppress

29
specular scattering at the surface~solid triangles!. Note that 1310 Torr
equals 1.331027 Pa.
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surface. The increasing length of the arrows with increas
pressure indicates that growth in the presence of oxygen
creases the extent of specular scattering. For pressures a
531029 Torr (731027 Pa! O2, the degree of specular sca
tering falls rapidly, and the data point at 131028 Torr actu-
ally showed a very slight increase in GMR upon Ta depo
tion.

The increase in specular electron scattering at the sur
of spin valves deposited in 531029 Torr ~731027 Pa!O2

suggests that the surface of these films must be smooth
more well ordered that those deposited without O2 present.
The explanation for this effect is probably that oxygen a
to lower the so-called Schwoebel barrier for metal atoms
descend to a lower terrace. This effect is well establishe
a mechanism by which a surfactant can give a more la
by-layer growth mode and thus a flatter surface.16

An additional insight may be derived from the triangl
in Fig. 6. The triangles exhibit an increasing GMR with i
creasing O2 pressure during growth. However, for the tr
angles specular scattering was suppressed by the depo
of Ta. Thus, an additional effect seems to be increasing
GMR. The most likely explanation is that oxygen on t
growing surface is suppressing the interdiffusion at the in
faces, as discussed above.

The data of Fig. 2~a! provide additional support for the
idea that growth in oxygen reduces structural imperfecti
in the films. The oscillatory coupling is clearly observed
Fig. 2~a!. In general, oscillatory coupling is degraded
structural imperfections.1 It is often not observed at all fo
simple ~one Cu film! spin valves.1 Superlattices, which ex
hibit a higher degree of crystalline order than simple s
valves~especially, larger grain size!, more commonly exhibit
oscillatory coupling than simple spin valves. Therefore,
observation of negative~antiferromagnetic! coupling values
in Fig. 2~a! suggest a lower level of defects when the sp
valves are grown in oxygen.

One surprising result that is not yet understood about
use of 531029 Torr (731027 Pa! O2 is that, for the best
GMR it must be used continuously during spin valve grow
It is especially important for the early and middle stages
growth. It is less important near the end of the deposition
the last Co layer, but still the best results come from conti
ous use.~In contrast, adsorbing oxygen only on the Cu s
face, as in Figs. 2 and 3, did nothing to improve the GM!
It seems that specular surfaces and sharp interfaces are
part of the story. Something in the early stages of nuclea
and growth must also be involved. Perhaps adsorbed oxy
suppresses the tendency of Co to bead-up on the NiO
strate, to which it bonds weakly, by lowering the surface f
energy. Improved wetting of the NiO by Co might increa
grain size and thereby lengthen electron mean free path

If the deposition of Ta suppresses specular scattering
increase in resistivity would be expected. Just such an ef
is observed, and Fig. 7 presents the data. The lower r
corner presents the data on samples for which oxygen
used~at various pressures! to increase the GMR. Decrease
in GMR always correlate with increases in resistance. In F

7, ‘‘DGMR’’ is an absolute difference~e.g., 14%–16%
522%!, whilc ‘‘resistance change’’ is a relative increase in
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sheet resistance~e.g., 35V/h to 38.5 V/h is a 10% in-
crease!. These data in the lower right corner of Fig. 7 are n
surprising results.

The data in the upper left corner of Fig. 7 are perha
more interesting. These data correspond to samples in w
the oxygen pressure during growth was too large and
GMR was thereby reduced. For such samples, the depos
of Ta increased the GMR. It seems likely that excessive p
sures of oxygen leave the top Co surface partially oxidiz
and the Ta acts as a reducing agent taking oxygen away f
Co and, in a sense, repairing the surface. This interpreta
is plausible since the heat of oxidation is much larger for
than for Co.

As a final note on growth of bottom spin valves in ox
gen, Fig. 8 presents the sheet resistance as a function o2

pressure during growth. As in Fig. 6, it is clear that t
beneficial effects of O2 lie in a rather narrow window of O2
pressure.

B. Effects of post-deposition processing of spin
valves

In an earlier paper,4 we reported that after optimizing th
layer thicknesses of a bottom spin valve and obtaining
GMR of 16%, an increase to 17% could be obtained
exposing the surface to;1022 Torr s ~;1 Pa s! of O2. This
treatment produces about 0.3–0.4 nm of CoO at the sur

FIG. 7. A plot of the change in GMR as a function of the change in res
tance of bottom spin valves~grown in various pressures of O2! when 2 ML
Ta is deposited.

FIG. 8. A plot of the sheet resistance of bottom spin valves as a functio
29
the pressure of O2 in which they are grown. Note that 1310 Torr equals

1.3381027 Pa.
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~;2 ML!. We suggested that the increase of 1%~absolute! in
GMR might be explained if the extent of specular electr
scattering at the Co/CoO interface is larger than at the
vacuum interface. Specular electron scattering is favored
a smooth, well-ordered, and atomically sharp interface. If
Co/vacuum interface is somewhat rough and the high po
oxidize more readily than the low points~due to attack from
the sides!, one could easily imaging the Co/CoO interface
be very smooth and sharp.

In more recent work on bottom spin valves, we ha
established that an increase of about 1%–2% in GMR~ab-
solute, i.e.,DGMR! upon exposure to O2 is quite reproduc-
ible even for spin valves deposited in 531029 Torr (7
31027 Pa! O2. This is particularly true for those spin valve
which do not exhibit a particularly large GMR as deposite
Figure 9 presents an example of this. This particular s
valve happened to have a GMR of only 13.8% as depos
~even though it was grown in 531029 Torr O2.! Upon ex-
posure to O2 the GMR increases 2%~absolute!. Spin valves
which have the highest GMR, as deposited, tend to sh
smaller increases, but even for the best samples there i
most always some increase in GMR upon O2 exposure.

The reason for this effect is not clear. It appears t
sometimes, for unknown reasons, growth in 531029 Torr
O2 is not particularly effective, resulting in an imperfect su
face, and subsequent exposure to O2 can somehow repair th
deficiency. Figure 10 presents one suggestion for what m
be occurring. If the surface—as deposited—is not v
smooth, it is likely that the oxidation of the surface w
begin at high points or protrusions and progress downwa
~protrusions should oxidize more readily!. Many surfaces
oxidize very quickly to a depth of a few ML, after which th
oxidation slows down dramatically. The suggestion of F
10 is that oxidizing the high points leaves a metal/insula
interface~CoO/Co! that is more flat than the Co/vacuum in
terface, and this effect may increase specular electron s
tering. The process~suggested in Fig. 10! may be termed
layer-by-layer oxidation.

The idea behind Fig. 10 might seem rather specula

FIG. 9. A plot of the GMR of a bottom spin valve as a function of t
exposure to O2 after deposition. Note that 131027 Torr•s equals 1.3
31025 Pa•s.
were it not for a very interesting effect we discovered re
cently. Figure 11 presents an example of the data. Upon e
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posure to O2 the coupling (H f) in bottom spin valves in-
creases. This effect would seem very odd in the contex
the usual picture of magnetostatic or orange-peel couplin
which undulations in the spin valve lead to ferromagne
coupling between Co layers across the Cu. Figure 12~a! il-
lustrates this concept. In the usual picture, growth produ
conformal roughness~as is usually observed in transmissio
electron microscopy of spin valves17!, and magnetic poles on
the Co produce a magnetostatic coupling that is ferrom
netic in sense.

In this standard picture, there is no reason to expect
any surface treatment would affect the coupling since
undulating Co/Cu/Co interfaces are buried well below t
surface and presumably are static. Figure 12~b!, however,
provides a new wrinkle. If conformal roughness is ma
tained to the surface, magnetic poles will exist on the
outer surface and, significantly, these poles will couple a
ferromagnetically to the lower Co film. Therefore, it seem
likely that the net coupling observed experimentally involv
a partial cancellation of the dominant ferromagnetic coupl
in these systems.

The connection between the antiferromagnetic com
nent of Fig. 12~b! and the model suggested in Fig. 10 is th
together they provide an explanation for the otherwise v
surprising data of Fig. 11. By oxidizing the Co protrusions

FIG. 10. A proposed model for the surface oxidation process that m
explain data of Fig. 9.

FIG. 11. A plot of the coupling field (H f) of a bottom spin valve as a
26
-

x-
function of exposure to O2 after deposition. Note that 1310 Torr•s equals
1.331024 Pa•s.
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the surface and rendering them nonmagnetic the antife
magnetic contribution is suppressed and the net coupling
comes more ferromagnetic.

The increases observed in coupling upon O2 exposure
are too large to be explained by the reduction in the to
magnetization of the top Co film. This magnetization a
like a lever arm and should be inversely proportional to
observed magnetostatic coupling. However, the data of
11, which shows a doubling of the coupling, is typical. W
know from XPS that only the top;2 ML of the Co is oxi-
dized. Therefore, we are not observing a simple lever-a
effect.

One additional note about the roughness of these fi
may be of interest. The sinusoidal undulations illustrated
Fig. 12 are an oversimplification. We have investigated
variety of spin valves using anin situ scanning tunneling
microscope.18 We find that there are two basic types
roughness, an atomic scale roughness~like Fig. 10 but less
pronounced! which is almost certainly not conformal throug
the spin valve and a larger scale roughness~the grain size!
which is very likely conformal. The larger scale roughne
consists of grains 5–15 nm in diameter separated by;0.5-
nm-deep grooves or valleys at the grain boundaries.
sides of these valleys are the apparent site of the magn
poles responsible for the coupling.

C. Capping layers

It is common practice with bottom spin valves to depo
a protecting or capping layer before exposing the spin va
to air. The capping layer most widely used seems to be a

FIG. 12. An illustration of the conventional picture of magnetostatic c
pling due to conformal roughness in~a!, and how that picture may be mod
fied to explain the data in Fig. 11 in~b!.
film 5 nm thick. Based on our experience, this is a poo
choice. Not only does the Ta suppress the specular scatter
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but, as a conductor, it shunts current diluting the GMR
fect. In our experience a bottom spin valve that exhibits,
example, 15% GMR will only exhibit 11% after the depos
tion of 5 nm of Ta. Accordingly, we have investigated
variety of alternative capping layers.

Our primary goals in developing an improved cappi
layer were to preserve the specular scattering at the top
surface and to avoid thick Ta films. After numerous attemp
we found what appears to be an excellent recipe for a ne
ideal capping layer for bottom spin valves. It consists
exposing the top Co layer to;1024 Torr•s ~;1022 Pa•s! of
O2 to produce;0.4 nm CoO, depositing;0.4 nm Ta, and
exposing the sample to air to oxidize the Ta. The result
structure is illustrated in Fig. 13. A remarkable aspect of t
particular capping layer is that it produces a further incre
in GMR and a further small drop in resistance, suggestin
further increase in specular scattering. Figure 14 presents
GMR data. The GMR of 19% is the largest value ever
ported for a spin valve with a single Cu layer.

It is important to note here that the 0.4 nm Ta appears
be playing some role as a catalyst to improve the surf
further when the sample is exposed to air. Without the Ta
with significantly thicker Ta, no way could be found t
achieve 19% GMR. Figure 15 presents data on the incre
in GMR produced by the above recipe as a function of
thickness. TheDGMR values are the GMR after exposure
air minus the GMR as deposited in 531029 Torr (7
31027 Pa! O2 but before exposure to the;1024 Torr s
~;1022 Pa s! of O2. Some samples showed aDGMR of
almost12%.

Another important aspect of this capping layer is its s
bility. After a month in air the GMR was remeasured a
found to be still 19%. It seems surprising that such a t
capping layer can provide such good protection.

D. General remarks

Unfortunately, we cannot quantify the degree of specu
scattering in any of these samples. However, it does ap

-

FIG. 13. An illustration of a capping layer which provides excellent prote
tion from exposure to air and which acutally increases the GMR.
r
ing
likely that the procedure of depositing Ta on a metal surface
is very effective in suppressing the specular scattering. Vari-
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ous other materials, which we expected would suppress
specular scattering, were investigated in the course of
work and our earlier work.15 These materials were chosen o
the basis of our expectation that they would disorder
surface extensively. They included carbon, silicon and, in
case of Au surfaces, Ni80Fe20. All materials were found to
produce similar results, suggesting that they all succeede
suppressing specular scattering almost completely.

Increasing specular scattering appears to be one of
best hopes for increasing the GMR in simple spin valves.19,20

In principle, if both top and bottom surfaces of a simple sp
valve scattered electrons specularly the GMR could be
large as that found in the best Co/Cu superlattices~110%2!, if
all other characteristics were the same. Unfortunately,
other characteristics will generally not be the same. In p

FIG. 14. Magnetoresistance loops for a bottom spin valve of the type il
trated in Fig. 13 for~a! high fields and~b! low fields, recorded after satura
tion in a negative field. A vertical line in~b! marks the center of the loop
which is shifted from zero field due to the coupling (H f) between Co films.
In this sample,H f52.7 mT ~27 Oe! andHc55.9 mT ~59 Oe!.

FIG. 15. A plot of DGMR as a function of thickness of deposited Ta f

bottom spin valves capped as illustrated in Fig. 13. The solid curve is
polynomial fit to the data.
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ticular, the grain size is significantly larger in the best sup
lattices than in the best simple spin valves. Diffuse scatter
of electrons at the grain boundaries will limit the potential
specular scattering for increasing the GMR in such samp
however the limits remain to be explored. Further studies
specular scattering, particularly from a surface science p
spective, would seem to be very timely at present and h
excellent prospects for discoveries of great practical sign
cance.

IV. SUMMARY

The major conclusions of this work may be summariz
as follows. The cleanest possible deposition conditions
not produce spin valves with the largest GMR. The larg
GMR values obtained to date have been achieved by gr
ing the spin valves in 531029 Torr O 2. Values of 19.0%
and 24.8% have been achieved for bottom spin valves
symmetric spin valves, respectively. These are the larg
values ever reported for such structures. Oxygen appea
act as a surfactant during growth, suppressing intermixin
the Co/Cu interface and increasing the extent of spec
electron scattering at the top Co surface in bottom s
valves. Background gases typically found in depositi
chambers are not, directly, a major cause of small GM
values. Contamination knocked off the chamber walls by
ergetic electrons, atoms, and ions from magnetron spu
guns appears to be a major contributor to small GMR valu
Post-deposition oxidation of the surface of bottom sp
valves can increase the extent of specular scattering an
crease the GMR in most cases. The deposition of Ta on
surface of bottom spin valves suppresses the specular
tering and, as a consequence, reduces the GMR and incre
the resistance of the samples. Pure Ta is a very poor ch
of capping layers for bottom spin valves because it redu
the GMR both by suppressing specular scattering and
shunting current. A capping of 0.4 nm Ta, oxidized by e
posure to air, not only protects the spin valve from air b
also increased the GMR, apparently by increasing the ex
of specular scattering.
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